The South China Sea (SCS) is an oligotrophic subtropical marginal ocean with a deep basin and a permanently stratified central gyre. Upwelling and nitrogen fixation provide new nitrogen for primary production in the SCS. This study was aimed at an investigation of phylogenetic diversity and quantification of the diazotroph community in the SCS deep basin, which is characterized by frequent mesoscale eddies. The diazotroph community had a relatively low diversity but a distinct spatial heterogeneity of diversity in the SCS deep basin. The potential for nitrogen fixation consistently occurred during cyclonic eddies, although upwelling of nutrient-replete deep water might have alleviated nitrogen limitation in the SCS. However, diazotrophic proteobacteria were dominant, but neither Trichodesmium nor heterocystous cyanobacterial diatom symbionts. Quantitative PCR analysis using probe-primer sets developed in this study revealed that the nif H gene of the two dominant alpha-and gammaproteobacterial groups was at the highest abundance (up to 10 4 to 10 5 copies L
Introduction
Nitrogen is one of the key nutrients in marine waters and often limits primary production. Fixed nitrogen hence plays a key role in the global oceanic carbon cycle. Nitrogen fixation is a common feature in oceans . Various groups of marine bacteria are capable of reducing dinitrogen to ammonia, providing a source of fixed nitrogen for upper ocean ecosystems. So far, the diazotroph community has been extensively studied in various environments, such as estuaries, the open ocean, marine sediments, soils, coral reefs, and marine sponges (Poly et al., 2001; Mehta et al., 2003; Zehr et al., 2003; Jenkins et al., 2004; Church et al., 2005; Hewson et al., 2007; Mohamed et al., 2008; Dang et al., 2009) . The wellknown nitrogen fixer is the filamentous cyanobacterium Trichodesmium spp., usually found in tropical oceans around the world (Capone et al., 1997; Moisander et al., 2008) . Recent discoveries, based on phylogenetic analysis of the nitrogenase gene (nif H), regarding unicellular cyanobacteria and heterotrophic bacteria affiliated with the Alpha-, Beta-, Gamma-, and even Deltaproteobacteria Falcó n et al., 2004; Bird et al., 2005; Church et al., 2005; Farnelid et al., 2011) indicate that our understanding of nitrogen fixation in the ocean is still limited. Indeed, most of these nitrogen-fixing microorganisms have not yet been brought into culture. In the South China Sea (SCS), one of the largest marginal seas in the tropical Pacific, molecular characterization of the diazotroph community is revealed only in Vietnamese coastal waters influenced by the Mekong River (Moisander et al., 2008) . However, for the vast deep basin area of the SCS, few data on nif H gene analysis are reported.
The SCS (Fig. 1 ) has relatively extensive shelf systems in its northwestern and southern boundaries; in contrast, the shelf is quite narrow along the eastern and western boundaries (Wong et al., 2007a) . In the SCS deep basin, the maximum depth can exceed 5000 m (Chen et al., 2001) . Its subsurface waters exchange with the Western Pacific Ocean through the Luzon Strait with a sill depth of~1900 m Wu et al., 2003) . The deep central SCS is permanently stratified and oligotrophic, the same as the interior of the major ocean basins (Gong et al., 1992) , and nitrogen limitation of phytoplankton growth is reported (Wu et al., 2003) . However, frequent cyclonic and anticyclonic eddies driven by the monsoonal winds usually introduce spatial and temporal variability in the nutrients and productivity of the SCS (Hwang & Chen, 2000; Wang et al., 2003; Zhang et al., 2009 Zhang et al., , 2011 . However, in terms of the potential effect of such mesoscale events upon the diazotrophic community, few studies are reported (Fong et al., 2008) .
Using microscopic examination, the filamentous cyanobacteria Trichodesmium spp. and the diazotrophic heterocystous cyanobacterial diatom symbionts are commonly found in the northern SCS (Chen et al., , 2004 , but their abundance is relatively low and can only contribute a small fraction of bioavailable nitrogen to the observed new production (Wu et al., 2003; Chen, 2005) . In addition, unicellular diazotrophic cyanobacteria may be present and provide a potential bioavailable nitrogen source in the northern SCS (Chou et al., 2006) . Using analysis of nif H gene diversity, Moisander et al. (2008) reveal that Trichodesmium is the most abundant diazotroph off the Vietnamese coast of the SCS, and could contribute significant nitrogen fixation. The availability of nutrients to maintain the cyanobacterial biomass was probably one of the main reasons causing the difference between the coastal area and the northern SCS. In this study, microscopic enumeration of diazotrophs and phylogenetic analysis of nif H genes were applied in the deep central SCS to characterize the diversity and abundance of the diazotroph community. Three stations were chosen, including the South East Asia Time-series Study (SEATS) site, which was recognized as a time-series study site of the JGOFS program in 1999 (Shiah et al., 1999) , as well as two sites where cyclonic eddies occurred during sampling. Thus, another objective of this study was to address the potential effect of eddies upon the diazotroph community.
Materials and methods

Satellite observations and shipboard sampling
The SCS deep basin area was sampled during the summer monsoon. Near-real-time satellite altimetry (http://argo. colorado.edu/~realtime/gsfc_global-real-time_ssh/) and shipboard acoustic Doppler current profile (ADCP) data from R.V. Dongfanghong #2 (14 August-14 September 2007) identified two well-developed cyclonic eddies and accurately tracked them throughout the cruise. High-resolution biogeochemical measurements were conducted across the eddies (Zhang et al., 2009) and, for our study, three stations were chosen. At each station, a vertical profile with nine or 10 depths from surface to deep water was sampled. Two sites were located inside cold-core cyclonic eddies (CE1 at 111.83°E, 14.25°N; CE2 at 111.03°E, 12.03°N), and another at SEATS (115.96°E, 18.03°N) (Fig. 1) . Sample water was collected via a SeaBird CTD-General Oceanic rosette sampler with Go-Flo bottles (SBE 9/17 plus; SeaBird Inc.).
Biogeochemical analyses
Data for temperature, salinity, nutrients, and chlorophyll a were provided by the GOE (Group of Excellence, NSF of China) project. Samples for inorganic nutrients (nitrate + nitrite, phosphate, silicate) were filtered through 0.45-lm cellulose acetate filters and measured immediately onboard using a flow injection analyzer (Tri-223 autoanalyzer) and standard spectrophotometric The water depths of the CE1, CE2, and SEATS sites were 2418, 2844, and 3839 m. CE1 and CE2 were located during sampling within two cyclonic eddies, delineated by dashed circles. For the real-time sea-surface height altimetry remote sensed images and the physical chemistry properties of these two eddy-center sites, please refer to the references (Zhang et al., 2009 (Zhang et al., , 2011 methods. Samples for chlorophyll a analysis were collected on 0.7 lm pore-size GF/F filters (Whatman) and chlorophyll a was determined using a Turner-Designs Model 10 fluorometer.
Microscopic enumeration of Trichodesmium and cyanobacterial diatom symbionts
A quantity of 10 L water samples from the upper 200 m layers were filtered through 20-lm pore size polycarbonate filters (25 mm diameter; Millipore) at a pressure <0.03 MPa. Then, each filter was soaked in a 20-mL glass vial in 10 mL particle free seawater (0.2 lm filtered) with 1% formaldehyde and stored at 4°C in the dark until checking in the laboratory. The glass vials with Trichodesmium and symbiont samples were shaken gently before detection. A 2.97-mL subsample was used for Trichodesmium and symbiont counting under an inverted microscope (American Optical Ltd) at 9100 -400 magnification in a 5-mL Utermöhl chamber (Utermöhl, 1958) . Trichodesmium cell and filament (trichome) abundance was enumerated for at least 400 individuals. Both the host diatom and the endosymbiont Richelia intracellularis were identified and counted. Richelia intracellularis cells and filaments were enumerated for at least 200 individuals.
Nucleic acid collection and extraction
Whole seawater samples were subsampled into 5 L, acidrinsed, polycarbonate bottles and 2-5 L was filtered through a 20-lm pore size sieve mesh and 0.22-lm polycarbonate membranes (47 mm diameter; Whatman). The filters were immediately frozen and stored at -80°C until DNA extraction. The polycarbonate filters were cut into pieces under sterile conditions, and the filter pieces were placed directly in tubes for beads beating. DNA was extracted using the Mega Kit extraction (MoBIO Laboratories, Inc.) following the protocol of the manufacturer.
Degenerate nif H PCR, cloning and sequencing DNA extracts were PCR-amplified using degenerate primers. A twostep nested PCR strategy was applied, amplifying a 359-bp region of the nif H gene (Zehr & McReynolds, 1989) . PCR conditions and chemicals were applied as described by Mohamed et al. (2008) . Twentyfive microliters of first-round reactions were prepared in triplicate for each sample using nif H32F and nif H623R . Negative controls without DNA were also included to test for contamination. The triplicate first-round PCR products were pooled and then a 2-lL aliquot of the pooled product for each sample was transferred into triplicate second-round 50 lL amplification using the nif H1 and nif H2 primers . After amplification, the triplicate second-round products were pooled. Amplification products were run in a 1% agarose gel; bands of the expected size were excised and purified using the agarose gel DNA purification kit (TaKaRa). The PCR products were cloned into the pMD18-T vector (TaKaRa) and then transformed into competent cells of Escherichia coli DH5a. Plasmid DNA was isolated from individual clones and purified. Sequencing was carried out on an ABI model 3730 automated DNA sequence analyzer with BigDye terminator chemistry (Applied Biosystems, Perkin-Elmer) using M13 primers.
Phylogenetic analysis of nif H gene clones
nif H gene sequences were edited using BioEdit Sequence Alignment Editor software (Hall, 1999) . DNA sequences were analyzed using the BLASTN tool, and amino acid sequences were analyzed using BLASTP to aid the selection of the closest reference sequences. Neighbor-joining phylogenetic trees were constructed in MEGA4 using Poisson correction with translated amino acid sequences. DNA sequences with >97% similar identity were grouped into nif H phylotype clusters. The nif H gene of Methanosarcina lacustera was used as an out-group to root the tree. DOTUR was used to assign operational taxonomic units (OTUs) and to generate rarefaction curves (Schloss & Handelsman, 2005) . GenBank submission numbers for the sequences from this study are HQ586273-HQ586794.
QPCR amplification of nif H phylotypes
Three specific clusters of nif H containing sequences, derived from the PCR clone libraries, were targeted by quantitative PCR (QPCR) using specific primers and probes designed in this study (Table 1 ) and reported by Church et al. (2005) . Probes were 5′-labeled with the fluorescent reporter FAM (6-carboxyfluorescein) and 3′-labeled with TAMRA (6-carboxytetramethylrhodamine) as a quenching dye. Two new quantitative PCR primer-probe sets, targeting sequences CE1-45m-12 (HQ586648) and CE2-5m-1 (HQ586273), were designed using PRIMER EXPRESS software (Applied Biosystems) and used in this study. In the nif H phylogenetic tree, CE1-45m-12 clustered with the Alphaproteobacteria and CE2-5m-1 clustered with the Gammaproteobacteria. Cross-reactivity of the primer-probe sets was checked to test the potential of the new primer-probe sets to amplify mismatch targets according to Moisander et al. (2008) ( Table 2) . Quantitative PCR analysis was carried out as described previously (Church et al., 2005; Short & Zehr, 2005) with slight modifications. Triplicate 25 lL QPCR reactions were run for each environmental DNA sample and for each standard. Reaction mixes contained 29 TaqMan Gene Expression Master Mix (Applied Biosystems), 400 nM each of forward and reverse primer, 400 nM of fluorogenic probe, and 1 lL of environmental DNA or plasmid standards. For each QPCR run, we made a standard curve using triplicate serial dilutions of quantified, linearized plasmids containing the positive control insert. The amplification efficiencies of PCR were always between 95% and 105% with R 2 values >0.99. The detection limit of the QPCR reaction corresponded to approximately 10 nif H gene copies per PCR reaction. All QPCR products were checked via gel analysis to determine that a product of expected size was amplified, and selected products were sequenced to confirm further that the expected target was amplified.
Results
Biogeochemical characteristics at the sites studied
The SCS surface water circulation in summer consists of the eastward jet off the coast of Vietnam and the anticyclonic gyre over the southern half of the sea during the southwest monsoon (Wong et al., 2007a) . The upper column is permanently stratified with an annual mean mixed layer depth of~40 m. SEATS is located in the Northern SCS deep basin (Fig. 1) . The hydrographic data from SEATS are within the historical data range (Wong et al., 2007a,b) . The mixed layer depth was 40 m, the chlorophyll a max depth was~75 m, and the nitracline depth was~70 m. CE1 and CE2 were located in the Southwest SCS deep basin (Fig. 1) . Satellite altimetry and ADCP data documented the cold-core cyclonic eddies occurring around CE1 and CE2. The isopycnals were elevated, and the subsurface waters hence exhibited higher nutrient concentrations (Table 3) , together with lower temperature, higher salinity, higher chlorophyll a concentration, and lower dissolved oxygen than SEATS (Zhang et al., 2009 (Zhang et al., , 2011 . The surface water of CE2 was probably influenced by the eastward jet off the coast of Vietnam with its relatively low salinity.
Phylogenetic diversity analysis of nif H PCR clone library
Sixteen clone libraries were constructed from the samples in the upper 200 m of the three stations, and a total of 522 clone sequences were recovered. nif H diversity was quite low in the SCS, with several repeats of nif H sequences obtained for each clone library (Fig. 2) . Rarefaction analysis (at 97% DNA sequence identity) also showed that the nif H diversity observed in the SCS deep basin was nearly exhaustive, except for site CE1 (Fig. 3) .
On the basis of phylogenetic analysis, all nif H sequences from the samples fell in nif H Cluster 1 (Cyanobacteria, Alpha-, Beta-,and Gammaproteobacteria) (Zehr et al., 2003) (Fig. 2) . A total of 354 nif H sequences from this study fell in two clades composed of Alpha-and Betaproteobacteria (268 sequences in Clade 1 and 86 sequences in Clade 2) (Fig. 2) . Clade 1 was the largest group of sequences, recovered from the three clone libraries of site CE2, the four libraries of site CE1 and two libraries of the SEATS site. A representative dominant sequence type from this clade (HQ586648) was used to design a QPCR probe and primer set (Fig. 2 ). This sequence type had a 99% protein sequence identity with the nif H sequences affiliated with the Rhodobacteraceae. The second dominant sequence type from this clade had a 98% protein sequence identity with the nif H sequences from Mesorhizobium, Sinorhizobium, and Rhizobium. In addition, a distinct sequence type had a 98% protein sequence identity with Rhodopseudomonas lichen and R. palustris. Another sequence type had a 98% protein sequence identity with the largest clade of sequences affiliated with Alphaproteobacteria that were recovered on the Vietnamese coastal shelf of the SCS by Moisander et al. (2008) , but in our study this sequence type was recovered from only one library (Fig. 2) . Clade 2 was a group of sequences recovered from the three clone libraries of site CE1 and one library of site CE2. This cluster included sequences that had a 100% protein identity with the Bradyrhizobium spp. or Burkholderia xenovorans nifH sequence, and a sequence that had a 99% protein identity with uncultivated sequences from a coastal upwelling system and the Vietnamese coast. A total of 141 nif H sequences from this study fell in the Gammaproteobacteria (Fig. 2) . They were recovered from the five clone libraries of the SEATS site and two surface libraries of sites CE1 and CE2. A representative dominant sequence type from this cluster (HQ586273) was used to design a QPCR probe and primer set (Fig. 2 ). This sequence type had a 99% protein sequence identity with many environmental sequences including ones previously obtained from the Atlantic Ocean (Zehr et al., 1998) , the Gulf of Aqaba (Foster et al., 2009) , Chesapeake Bay , and the North Pacific. The two other distinct sequence types were almost totally recovered from the three clone libraries of the SEATS site, except for one sequence from site CE1 (Fig. 2) . One cluster included sequences that had a 99% DNA sequence and 100% protein sequence identity with the uncultivated nif H sequences recovered from the Gulf of Guinea. Another cluster included sequences that had a 100% protein identity with those recovered from the North Pacific and Atlantic Ocean (Zehr et al., 1998; Langlois et al., 2005; Foster et al., 2007) , the Arabian Sea (Bird et al., 2005) , the Vietnamese coast (Moisander et al., 2008) , and Hawaiian Montipora Corals.
Only 27 nif H sequences composed of one OTU from the surface library of site CE1 fell in the diazotrophic heterocystous cyanobacterial diatom symbiont het-1, and were 100% identical to the uncultured sequence expressed in the North Pacific subtropical gyre (Fig. 2) . These sequences should be from the free-living Richelia since they were recovered from the 0.2 to 20 lm size fraction. Sequences originating from cyanobacterial symbionts het-2 and het-3, unicellular diazotrophic cyanobacteria group A and group B, and Trichodesmium spp. were not recovered in samples of this size fraction.
QPCR quantification of nif H phylotypes and microscopic enumeration of Trichodesmium and the symbiont
Abundances of major diazotroph groups recovered from the libraries were investigated through the whole water column of the three sites by QPCR using probe and primer sets developed in this and prior studies (Church et al., 2005) . Table 2 shows low cross-reactivity between the alpha-and gammaproteobacterial probe and primer sets, especially for lower template concentrations (10 5 and 10 3 gene copies) of each target, which was in a similar range to our data. The alphaproteobacterial primer-probe could have detected other targets in this study, but the distinct difference of at least four orders of magnitude in amplification efficiency indicated that the error would not significantly bias the data ( Table 2 ). The gammaproteobacterial primer-probe was relatively more target-specific ( Table 2) . The maximum nif H gene abundance for the alphaproteobacterium HQ586648 was 7.0 9 10 5 nif H copies L À1 in the epipelagic water, and they could be detected down to 1500 m depth (Fig. 4a) . The gammaproteobacterium HQ586273 was detected only at the euphotic layers at the CE1 and CE2 sites, while down to 450 m at SEATS (Fig. 4b) . Free-living Richelia were detected in the upper 200 m with up to 10 4 nif H genes L À1 (Fig. 4c) . Basically, the proteobacterial targets and Fig. 2 . Phylogenetic trees for nif H constructed based on amino acid sequences using the neighbor-joining method. Sequences from this study are shown in bold, and sequences sharing 97% DNA identity are grouped. In these groups, the number of clones retrieved for each clone library is indicated by a bar with black referring to sequences recovered from site CE1, gray from site CE2 and white from the SEATS site. Sequences in gray frames were used for development of QPCR probes and primers in this study. GenBank accession numbers are shown. Phylogenetic relationships were bootstrapped 1000 times, and bootstrap values >50% are shown.
free-living Richelia were relatively more abundant at SEATS and CE1 than at CE2. Trichodesmium thiebautii and R. intracellularis in the >20 lm size fraction were detected, using microscopy, in the water samples from the top 200 m. They were not abundantly distributed in the SCS deep basin, with a density of 3.3 9 10 2 -8.5 9 10 2 trichomes L À1 and 4-15 cells L
À1
, respectively ( Fig. 4d and e ). Higher abundances of T. thiebautii and R. intracellularis were present at CE2 compared with the other two sites.
Discussion
Fixed nitrogen is a key nutrient involved in regulating marine productivity and hence the global oceanic carbon cycle. Based on stable nitrogen and carbon isotope data, it is estimated that nitrogen fixation contributes approximately 10% of the new production off the Vietnamese coast of the SCS (Voss et al., 2006; Loick et al., 2007) , and the values are higher at inshore than at offshore sites during the summer monsoon (Loick et al., 2007) . A prominent feature of the SCS during monsoons is frequent mesoscale anticyclonic/cyclonic eddies, with four to six eddies at any given time over the deep basin (Hwang & Chen, 2000; Wang et al., 2003) . Downwelling of isopycnal surfaces accompanying an anticyclonic eddy could exacerbate already weak vertical transport of nutrients from the deep sea. Fong et al. (2008) report an increase of diazotrophy toward the leading edge of an anticyclonic eddy in the oligotrophic North Pacific Ocean, with high abundances of Trichodesmium and heterocystous cyanobacteria. However, through cyclonic eddies, dissolved inorganic nitrogen is replenished to subsurface layers coinciding with the uplifted mixed layer depth (Zhang et al., 2009 (Zhang et al., , 2011 . According to this study, the potential for nitrogen fixation still occurred consistently at sites CE1 and CE2 where cyclonic eddies were occurring, although upwelling of nutrient-replete deep water might alleviate nitrogen limitation in the SCS with higher nutrient concentrations in the euphotic zone (Table 3) . The increasing availability from the deep-water of bioessential nutrients such as phosphorus, iron, and silicic acid, which sustain the growth of the diazotrophs and diatoms observed in the eddies (Fong et al., 2008) might favor the potential for nitrogen fixation at sites CE1 and CE2. However, Trichodesmium and heterocystous cyanobacterial diatom symbionts were not abundantly distributed throughout the study area, and our clone library analysis showed that almost all sequences fell into the proteobacteria. It is possible that the nested PCR approach has biased the clone coverage analysis, but diazotrophic proteobacteria were clearly abundant and probably dominant in the SCS deep basin during the study period. The nif H gene maximum abundances of the alphaproteobacterium and gammaproteobacterium determined in this study were even one order of magnitude higher than numbers reported from the Vietnamese coast of the SCS (Moisander et al., 2008) and station ALOHA in the North Pacific .
The alphaproteobacterial nif H sequences contained many sequences which had a high protein sequence identity with those from various rhizobia. They were mostly recovered from site CE2, which was nearest to Vietnam among the three sites. It is possible that they had been deposited into the southwestern portion of the SCS via dust deposition from the land during the southwest monsoon. In addition, many of the alphaproteobacterial nif H sequences closely related to sequences from phototrophs, such as Rhodopseudomonas spp. and Bradyrhizobium spp. The most abundant Alphaproteobacteria affiliated sequence type was very similar to the nif H sequences affiliated with the Rhodobacteraceae, many members of which are photoheterotrophic bacteria. The enzyme nitrogenase is widely distributed among anoxygenic phototrophs (Madigan, 1995) . The most dominant sequence was recovered by cloning numerous times from the upper 100 m layer at site CE1 and the 100 m depth at SEATS, and detected by QPCR at all three sites. It was present consistently in surface waters and frequently in mesopelagic waters, with up to 10 5 nif H gene copies L À1 (Fig. 4) . Such widespread distribution of these organisms in the ocean suggests that they may well be significant (Farnelid et al., 2011) , although the ecological significance of nitrogen fixation by anoxygenic phototrophs remains unclear.
All gammaproteobacterial nif H sequences obtained in this study were related to unidentified sequences from uncultured bacteria. They were very similar to the nif H Number of sequences sampled Number of OTUs observed CE1 CE2 SEATS Fig. 3 . Rarefaction analysis for the nif H sequence at the three sites. The curves were generated at 97% DNA sequence identity.
sequences expressed in various environments in previous studies (Zehr et al., 1998; Moisander et al., 2007; Foster et al., 2009) . The most dominant gammaproteobacterial nif H sequence was quantified by QPCR using the probe and primer set designed in this study, and the results showed that this microbe was frequently detected in the upper 200 m layers but with relatively low nif H gene copies at the 450 m depth in the SEATS site. Moisander et al. (2008) report a gammaproteobacterium present in the upper 50 m surface layers but not deeper in the water column off the Vietnamese coast of the SCS. Bird et al. (2005) also report Gammaproteobacteria nifH sequences expressing in the surface waters of the Arabian Sea. It appears that diazotrophic Gammaproteobacteria tend to be limited to the upper ocean.
Comparing the clone libraries between sites, a distinct spatial heterogeneity in the structure of the diazotroph assemblages was revealed. Alphaproteobacteria affiliated sequences were recovered mostly from sites CE1 and CE2, and most of the sequences from CE2 were affiliated with sequences from rhizobia while those from CE1 were mostly closely related to sequences from phototrophs. In contrast, SEATS was characterized by diazotrophic Gammaproteobacteria. In addition, QPCR data showed that the diazotrophic proteobacteria were more abundantly distributed at SEATS and CE1 than at CE2, while T. thiebautii and R. intracellularis were relatively more abundant at CE2. It is possible that these differences were caused by the regional characteristics of the sites. CE1 and CE2 were located within the cyclonic eddies when sampling. The vertical water mass movement caused by eddy upwelling probably introduced species heterogeneity and induced the higher nif H diversity at site CE1, as revealed by the rarefaction curves and phylogenetic analysis. However, as discussed above, CE2 is nearest to Vietnam among the three sites, and is probably impacted by the eastward jet off the coast of Vietnam (Wong et al., 2007a) with its relatively low salinity in the surface water (Zhang et al., 2009) . The diazotrophic community composition was characterized by coastal species. SEATS is influenced by intrusions of the Kuroshio Current and is more stratified, and had a distinct diazotroph assemblage and higher potential for nitrogen fixation compared with CE1 and CE2. Nutrient data have shown that concentrations of nitrate + nitrite, phosphate and silicate are much lower in the upper 200 m water column of site SEATS than those in the other two sites (Table 3) (Zhang et al., 2009) . Therefore, nutrient limitation, especially a quite low N:P ratio (~10) (M. Dai & Y. Xu, unpublished data), could result in higher potential for nitrogen fixation at SEATS. Further analysis based on RNA aiming at the transcriptional activity of each group is needed to help us to better understand the possible mechanisms.
Trichodesmium is abundantly present along the Vietnamese coast off the SCS with up to 6 9 10 5 nif H gene copies L À1 during the spring intermonsoon, and its abundance is estimated to be up to 2 9 10 3 -6 9 10 3 trichomes L À1 (Moisander et al., 2008) . According to our study, T. thiebautii was detected in the SCS deep basin, but its abundance was about one order of magnitude lower than that off the Vietnamese coast, and was in a similar range to numbers previously reported from the northern SCS (Chen et al., , 2004 Wu et al., 2003) . The availability of nutrients, especially trace metals such as iron, to maintain the cyanobacterial biomass was probably one of the main reasons causing the difference between the coastal and central basin areas. Also, it could be the main reason why higher abundances of T. thiebautii and R. intracellularis were present at CE2 compared with the other two sites. However, it is noteworthy that the relative nitrogen fixation activity of T. thiebautii and R. intracellularis might be much higher than that suggested by their abundance compared with that of the diazotrophic proteobacteria. Unicellular cyanobacterial groups A and B were not detected in our libraries, but QPCR measurement of groups A and B in the northern SCS revealed low nif H abundances of~10 3 gene copies L À1 (L. Kong, H. Jin & H. Liu, unpublished data). It appears that unicellular diazotrophic cyanobacteria are not abundantly distributed in the SCS. Although Trichodesmium, R. intracellularis, and unicellular cyanobacterial groups A and B were in quite low abundance according to clone library analysis and microscopic examination, further QPCR measurements targeting these typical groups are needed to accurately characterize their distribution in the SCS deep basin. Overall, this study characterized phylogenetic diversity of nif H in the SCS deep basin and quantified the abundance of the major diazotroph groups combining molecular analysis for the 0.2-20 lm size fraction samples with microscopic enumeration for the >20 lm size fraction samples. In addition, the diazotrophic communities inside and outside the mesoscale cyclonic eddies were compared. The diazotroph community in the deep central SCS had a relatively low diversity but a distinct spatial heterogeneity of diversity among sites due to different physical and chemical properties. Diazotrophic proteobacteria were clearly the dominant diazotrophs in the SCS deep basin during the study period, potentially contributing to nitrogen fixation in this oligotrophic marginal ocean ecosystem. The availability of substrates and environmental pressures probably decided the relative contributions of nitrogen fixed by the phototrophic and heterotrophic diazotrophic bacteria compared with the cyanobacteria.
